The intermolecular hydroamination of unactivated alkenes with simple dialkyl amines remains an unsolved problem in organic synthesis. We report a catalytic protocol for efficient additions of cyclic and acyclic secondary alkyl amines to a wide range of alkyl olefins with complete anti-Markovnikov regioselectivity. In this process, carbon-nitrogen bond formation proceeds through a key aminium radical cation intermediate that is generated via electron transfer between an excited-state iridium photocatalyst and an amine substrate. These reactions are redox-neutral and completely atom-economical, exhibit broad functional group tolerance, and occur readily at room temperature under visible light irradiation. Certain tertiary amine products generated through this method are formally endergonic relative to their constituent olefin and amine starting materials and thus are not accessible via direct coupling with conventional ground-state catalysts.
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The intermolecular hydroamination of unactivated alkenes with simple dialkyl amines remains an unsolved problem in organic synthesis. We report a catalytic protocol for efficient additions of cyclic and acyclic secondary alkyl amines to a wide range of alkyl olefins with complete anti-Markovnikov regioselectivity. In this process, carbon-nitrogen bond formation proceeds through a key aminium radical cation intermediate that is generated via electron transfer between an excited-state iridium photocatalyst and an amine substrate. These reactions are redox-neutral and completely atom-economical, exhibit broad functional group tolerance, and occur readily at room temperature under visible light irradiation. Certain tertiary amine products generated through this method are formally endergonic relative to their constituent olefin and amine starting materials and thus are not accessible via direct coupling with conventional ground-state catalysts.
A lkyl amines are common structural features in natural products, pharmaceutical agents, and other small-molecule probes of biological function. As such, methods for the construction of complex alkyl amines are critical synthetic technologies. In this regard, the addition of amines to olefins is a particularly powerful approach to C(sp 3 )-N bond formation, combining two abundant and structurally diverse feedstocks in a redox-neutral and atom-economical fashion. In light of these benefits, metal-catalyzed alkene hydroamination has been extensively studied for decades (1) (2) (3) . Although tremendous advances have been realized (4) (5) (6) (7) (8) (9) (10) (11) (12) , general methods for the intermolecular anti-Markovnikov coupling of common dialkyl amines and unactivated olefins are currently unknown (Fig. 1A) . This deficit is often attributed to the fact that weakly coordinating alkenes cannot compete effectively for metal coordination sites with strongly Lewis-basic amines. But more fundamentally, the addition of dialkyl amine N-H bonds to substituted alkenes typically lacks a substantial thermodynamic driving force (2, 13) . For example, the addition of diethylamine to the simplest trisubstituted olefin, 2-methyl-2-butene, is approximately thermoneutral (calculated DG°= -0.1 kcal/mol using the composite method CBS-QB3), and analogous aminations become increasingly unfavorable as the steric profiles of the reaction partners increase (Fig.   1B ) (14) . These observations suggest that many desirable hydroamination adducts are energetically uphill relative to their constituent amine and alkene precursors and thus cannot be synthesized efficiently via their direct catalytic union. To overcome this limitation, many of the most general olefin amination methods couple C-N bond formation to a secondary reaction that provides a more favorable driving force. Several powerful protocols have recently been reported that make use of amine donors with higher oxidation states, coupled with the use of stoichiometric reductants, to furnish formal hydroamination products (15) (16) (17) . Although these reports have advanced the state of the art, this approach precludes the direct use of inexpensive and abundant secondary amine partners and necessarily results in the formation of stoichiometric by-products.
Seeking to address these challenges, we became interested in the olefin amination chemistry of aminium radical cations (ARCs) (18) (19) (20) . In 2014, we reported that aniline-derived ARCs, generated via one-electron oxidation of an arylamine starting material by an excited-state photoredox catalyst, could undergo efficient intramolecular additions to aryl olefin acceptors (21) (22) (23) . However, intermolecular aminations proved unsuccessful in this system, presumably because the reported rates of bimolecular C-N bond formation with anilinium ions (rate constant k < 10 6 M −1 s −1 ) are too slow to compete with back electron transfer between the ARC and the reduced state of the iridium photocatalyst (24) . To expand these protocols to intermolecular variants, we were drawn to work from Lusztyk and co-workers noting that dialkyl ARCs undergo addition to a variety of olefin acceptors, including unactivated internal olefins, with second-order rate constants greater than 10 8 M −1 s −1 at room temperature ( Fig. 1C ) (24) . We reasoned that for ARCs generated via excited-state electron transfer, such rapid C-N bond formation would be kinetically competitive with unproductive charge recombination between the ARC and the reduced state of the photocatalyst, as well as with thermodynamically favorable deprotonation of the aminium by the secondary amine starting material or the tertiary amine product. Moreover, the use of an excitedstate redox event to generate the ARC would provide the additional driving force necessary to offset the unfavorable reaction energetics associated with the direct coupling of hindered olefins and amines, enabling access to formally endergonic hydroamination adducts that cannot be synthesized efficiently using ground-state catalysts (25) . Lastly, as is characteristic of electrophilic radical additions to alkenes, aminiums would be expected to exhibit high levels of anti-Markovnikov regioselectivity in the C-N bond-forming step-an outcome that has proven difficult to achieve using traditional catalyst platforms. Here, we report the successful realization of these goals and describe a general photocatalytic protocol for intermolecular alkene hydroamination with secondary alkyl amines and a wide range of unactivated olefins that proceed via ARC intermediates (Fig. 1D ).
We envisioned a catalytic cycle wherein an excited-state redox catalyst would first oxidize a secondary alkyl amine to its corresponding ARC (Fig. 2) . This electrophilic N-centered radical would then undergo intermolecular addition to an olefin acceptor to furnish a new C-N bond and an adjacent carbon-centered radical. On the basis of previous radical olefin hydrofunctionalization work from Nicewicz, Studer, and our own group, we proposed that this alkyl radical could be reduced via H-atom transfer (HAT) from an aryl thiol cocatalyst to form a closed-shell ammonium ion intermediate and a transient thiyl radical (26) (27) (28) . The thiyl could accept an electron from the reduced state of the photocatalyst, and the resulting thiolate could deprotonate the closed-shell ammonium adduct to provide the desired tertiary amine product and close the catalytic cycle. Aminiums are potent H-atom abstractors and are known to react rapidly with aryl thiols containing much weaker S-H bonds (20) . However, we recently demonstrated that aryl thiols can function effectively as H-atom donor catalysts in the presence of even more reactive amidyl and alkoxy radical abstractors (28, 29) , likely as a result of mismatched polar effects that are well known to affect the rates of organic HATs (30) .
On the basis of this proposal, our initial evaluation focused on the hydroamination of 2-methylhex-1-ene with piperidine as a model reaction. A promising lead result was observed using 2 mol % [Ir(dF(CF 3 )ppy) 2 providing 34% of the desired amination product upon irradiation with blue LEDs for 12 hours at room temperature [for details of the optimization, see (14) ]. The related complex [Ir(dF(CF 3 ) ppy) 2 (dtbbpy)]PF 6 [dtbbpy = 4,4′-bis(tert-butyl) bipyridine] (B) proved even more efficient, furnishing the desired amination adduct in 86% yield. Further investigation revealed that hydroaminations using acyclic secondary amine substrates, such as diethylamine, were much less successful with B, providing the desired amination adduct in only trace yields, even when five equivalents of olefin were used. Seeking to improve on this result, we found that an alternative complex, [Ir(dF(Me)ppy) 2 
(C), was more effective, providing the diethylamine adduct in 17% yield (31) . Further study revealed that toluene was the optimal solvent for this catalyst, and these conditions were used to evaluate the synthetic scope of the reaction. Control experiments lacking photocatalyst, thiol, or visible light provided none of the desired hydroamination adduct. The use of lower thiol loadings (10 mol %) also proved effective in the model reaction with piperidine, providing the expected adduct in 95% yield. However, this finding did not prove to be general for all alkene substrate classes surveyed, and we elected to use the higher thiol loading to evaluate the full scope of the reaction.
With these optimized conditions, we were pleased to find that a wide range of olefins could be successfully hydroaminated (Fig. 3) . With piperidine, we observed that every olefin substitution pattern could be accommodated, including terminal a-olefins and internal 1,2-disubstituted, 1,1-disubstituted, trisubstituted, and tetrasubstituted olefins (Fig. 3, 1-6) . As electrophilic radicals, we expected that aminiums should react readily with nucleophilic olefins. Indeed, we observed that aminations of cyclic and acyclic enol ethers proceeded smoothly to form 7, 8, and 9 in good yields. In addition, we found that silyl enol ethers were viable substrates for hydroamination, providing access to useful 1,2-amino alcohol products 10 and 11 following an acidic desilylative workup. Similarly, both cyclic and acyclic enamides could be aminated to provide differentiated 1,2-diamines 12 and 13. We were pleased to find that various allylic alcohols and protected allylic amines could be aminated successfully to provide access to both 1,2-and 1,3-amino alcohol and diamine motifs with high efficiency and complete anti-Markovnikov regioselectivity (14) (15) (16) (17) . An analogous homoallylic alcohol substrate was also used successfully to furnish 18 in high yield. We observed that the piperidine ARC can effectively discriminate between two electronically differentiated olefins present in the same substrate. Specifically, the more electron-rich trisubstituted olefin in the terpene linalool could be aminated selectively in the presence of the terminal allylic alcohol (19) . Similarly, geraniol derivatives bearing two sterically similar trisubstituted alkenes could be selectively aminated at the more electron-rich olefin distal to the allylic ester moiety (20) . Cyclooctadiene was also a successful substrate for amination, providing 21 in 86% yield. Notably, no [3.3.0] bicyclic products resulting from trans-annular radical addition were observed, which suggests that this C-C bond-forming process is slow relative to reductive HAT from the thiol. We also found that the bicyclic olefin norbornene could be aminated efficiently, although with relatively poor diastereoselectivity (22)-an outcome likely related to an early transition state for C-N bond formation. Lastly, we found that electron-rich styrene derivatives could be aminated to furnish anti-Markovnikov addition products 23 and 24 in good yield. Within this collection of olefins, we found that the most nucleophilic members could be used in slight excess (1.5 equivalents) to obtain high yields of amination product. However, for less electronrich alkenes, which are known to react more slowly with ARCs (24), 3 to 5 equivalents were required to obtain optimal yields. The higher concentration in these examples enables C-N bond formation to remain kinetically competitive with unproductive charge recombination between the ARC and the reduced Ir(II) complex.
We then evaluated the scope of amines that could be used in this protocol. Using 2-methylhex-1-ene as a model olefin, we observed that numerous cyclic secondary amines were successfully accommodated, including piperidine, morpholine, N-Boc piperazine (N-Boc = N-tert-butyloxycarbonyl), and unprotected 4-hydroxypiperidine (25) (26) (27) (28) . Unprotected 4-aminopiperidine was alkylated with complete selectivity for the secondary nitrogen center to furnish 29 in 83% yield. Azepane and pyrrolidine were also viable substrates, although with somewhat diminished yields relative to their six-membered ring analog (30, 31) .
A range of acyclic secondary amines could also be used as aminating partners. Alkylation of diethylamine provided tertiary amine 32 in 65% yield. The use of N-methyl benzylamine was also successful (33) . Branching adjacent to the nitrogen center was also tolerated, as demonstrated by the use of N-methyl cyclohexylamine (34) . Secondary amines bearing acetals and electron-deficient aromatics could also be alkylated in good yield (35, 36) . More structurally complex and sterically demanding amines, including the antidepressant drug fluoxetine, [3.2.1] bicyclic amines and diamines, spirocyclic amines, and N-methyl adamantylamine, were also readily accommodated (37-43). Lastly, we found that intramolecular variants of this transformation were successful, as a variety of N-benzyl protected substrates cyclized under the standard reaction conditions to afford a range of five-and sixmembered heterocyclic products (44-50). With respect to limitations, this method has thus far not proven successful with aromatic amines, a-amino acid derivatives, or tetramethylpiperidine. Efforts to address these limitations are currently ongoing.
A number of experimental observations provide support for the proposed mechanism. (33) , consistent with the proposed electron transfer event. In contrast, we observed that numerous representative olefin classes (1-hexene, cyclohexene, 2-methylhex-1-ene, tetramethylethylene, and dihydrofuran) do not decrease the luminescence intensity of *C, which suggests that olefin oxidation mechanisms are not operative in these reactions. As such, this protocol is mechanistically orthogonal to the seminal photocatalytic anti-Markovnikov hydroamination methods reported by Nicewicz (34), which proceed through alkene radical cation intermediates (35) . The tertiary amine products (E p/2 = 0.43 V versus Fc/Fc + in MeCN for triethylamine) can also be oxidized ( fig. S8 , K sv = 180 M −1 for 25) by the excited state of catalyst C, but the generally high yields observed in these reactions suggest that these processes are reversible and do not lead to meaningful amounts of product decomposition.
We postulate that this outcome may result from the protective action of the thiol cocatalyst, which could reduce any a-amino radical intermediates resulting from tertiary amine oxidation and deprotonation before they can engage in further deleterious side reactions. Because these reactions function best in toluene and dioxane, we considered whether reduction of the radical generated after C-N bond formation might occur via H-atom transfer from weak solvent C-H bonds. However, 1 H nuclear magnetic resonance (NMR) analysis of the reaction between piperidine and tetramethyl ethylene in d 8 -toluene revealed no evidence of deuterium incorporation into the tertiary amine product 6. Lastly, the formation of 6 is calculated to be +4.8 kcal/mol (CBS-QB3) endergonic relative to the amine and olefin starting materials (14) ; this penalty is offset by the favorable energetics of photon absorption (emission wavelength l max = 512 nm = +55.8 kcal/mol for the excited state of C) (32) . This reaction provides a clear demonstration of the ability of excited-state redox catalysts to enable endergonic bond constructions (36).
Our results constitute a general photo-driven protocol for the intermolecular anti-Markovnikov hydroamination of unactivated internal olefins with dialkyl amines that proceeds via aminium radical cation intermediates. We anticipate that this method will help to address a longstanding synthetic challenge in hydroamination chemistry and will simplify the design and construction of complex tertiary alkyl amine products.
